The principal components of neuronal excitability include synaptic and intrinsic membrane parameters. While recent studies indicate that cocaine exposure can induce widespread changes in synaptic function in the neural circuits for reward, intrinsic firing properties have received much less attention. Using whole-cell recording in ex vivo brain slices from cocaine-treated mice, we studied the intrinsic firing characteristics of medium-spiny projection neurons of the nucleus accumbens-a key node in the circuit that controls rewarddirected behavior. Our data demonstrate that repeated in vivo cocaine (5 ϫ 15 mg/kg, i.p., once daily, 5 d) induces opposite changes in neurons of the two main subdivisions of the accumbens, the shell and the core. While shell neurons exhibit an initial depression in firing capacity (1-3 d abstinence) that persists for at least 2 weeks, core neurons exhibit increased firing capacity during early abstinence (1-3 d) that declines to basal levels within 2 weeks. Shared adaptations between addictive drugs may mediate core processes of addiction. We find that amphetamine exposure (5 ϫ 5 mg/kg, i.p., once daily, 5 d) that induced a similar degree of locomotor sensitization as cocaine also induced an indistinguishable pattern of NAc intrinsic plasticity. Finally, we provided evidence that opposite regulation of A-type potassium current is an important factor in this bidirectional intrinsic plasticity for both cocaine and amphetamine. We propose that a persistent disparity in core/shell excitability might be an important mediator of the changes in reward circuit activity that drive drugseeking behavior in animal models of addiction.
Introduction
Medium-spiny projection neurons (MSNs), the principal cells of the nucleus accumbens (NAc), adapt to repeated cocaine exposure through widespread and persistent changes in parameters that determine a neuron's excitability. For example, glutamate and dopamine signaling change and dendritic arbors gain new branches and spines (Robinson and Kolb, 2004; Kauer and Malenka, 2007) . However, knowledge is lacking about the ability of cocaine and other drugs to produce long-lasting changes in a fundamental determinant of neuronal excitability: intrinsic membrane properties. Plasticity in intrinsic excitability is recognized as an important means through which experience modifies neural circuits (Alkon, 1984; Zhang and Linden, 2003) , and is thought to play an important role in models of multiple CNS disorders (Bonci and Carlezon, 2005; Krishnan et al., 2007; Beck and Yaari, 2008; Santini et al., 2008) .
Repeated in vivo cocaine alters several sodium, calcium, and potassium conductances in NAc MSNs during the first few days of abstinence, each of which is consistent with a decrease in depolarization-induced firing (Zhang et al., 1998 (Zhang et al., , 2002 Hu et al., 2004; Dong et al., 2006) -an effect observed during days to weeks of cocaine abstinence (Dong et al., 2006; Kourrich et al., 2008; Ishikawa et al., 2009) . Decreasing NAc MSN excitability by viral enhancement of potassium currents produces a hypersensitivity to cocaine's psychomotor effects-a characteristic cocaineinduced adaptation in behavior (Dong et al., 2006) . On the other hand, increased cocaine psychomotor sensitization and conditionedplace preference appears to be associated with increased excitability in NAc MSNs in another genetic manipulation study (Benavides et al., 2007) . These intriguing, apparently dichotomous, results suggest a need for further investigation of how intrinsic excitability of accumbens neurons is modified by in vivo cocaine experience itself. First, do neurons in the two major subdivisions of the NAc, core and shell, respond similarly to repeated cocaine? Previous studies did not explicitly compare firing adaptations between core and shell. Although these two types of MSNs share many electrophysiological and morphological properties (Meredith et al., 1992; O'Donnell and Grace, 1993) , they have different afferent inputs and efferent projections and are thought to serve different functions in shaping reward-related behavior (Zahm, 2000; Ito et al., 2004) . Second, one approach to establishing cellular substrates for addiction-related behavior is to identify shared adaptations between different drugs that produce a common behavioral output. Thus, we tested whether cocaine and amphetamine produce similar effects on NAc intrinsic excitability. Finally, we investigated whether mechanisms for intrinsic plasticity induced by these drugs might also be shared.
To address these issues, we used whole-cell recording from NAc MSNs in an ex vivo slice preparation from mice treated with repeated cocaine or amphetamine. To exclusively assess intrinsic membrane properties, we blocked synaptic transmission and measured the firing produced by depolarizing current injection in MSNs from NAc shell and core at early (1-3 d) and late (10 -14 d) time points following cessation of drug treatment.
Materials and Methods
Drug treatment regimen. Male C57BL/6J mice (4 -6 weeks of age) were habituated to the animal colony for 1 week before testing. On each of the five consecutive testing days (between 11:00 A.M. and 2:00 P.M.), mice were transferred from the animal colony to a testing room and placed individually into activity boxes (clear rectangular tubs, 8.5 ϫ 17.5 ϫ 9 inches). They were habituated for 20 min before receiving an intraperitoneal injection of cocaine (COC; 15 mg/kg, n ϭ 10), amphetamine (AMPH; 5 mg/kg, n ϭ 10), or saline (SAL; 0.9% NaCl, n ϭ 13) in a volume of 5 ml/kg. Immediately after each injection, horizontal locomotor activity was monitored for 40 min via a digital video-based tracking system (ANY-maze, Stoelting).
Electrophysiology. Sagittal slices of the NAc shell and core (240 m) were prepared as described previously (Thomas et al., 2001 ) from psychostimulant-and saline-treated mice (7-10 weeks of age). Shell recordings were made from medial shell slices that did not contain any dorsal striatal tissue (ϳ0.44 -0.52 mm lateral), while core recordings were made from slices between ϳ0.72 and 0.96 mm (see Fig. 1 B for additional details) (Paxinos and Franklin, 2001) . Slices recovered in a holding chamber for at least 1 h before use. During recording they were superfused with ACSF (22-23°C) saturated with 95% O 2 /5% CO 2 and containing (in mM) 119 NaCl, 2.5 KCl, 1.0 NaH 2 PO 4 , 1.3 MgSO 4 , 2.5 CaCl 2 , 26.2 NaHCO 3 , and 11 glucose. Picrotoxin (100 M) was added to block GABA A receptor-mediated IPSCs. Either a combination of CNQX (10 M) and D-AP5 (50 M) or kynurenic acid (2 mM) was used to block glutamatergic transmission during recording. Cells were visualized using infrared-differential interference contrast optics. Medium spiny neurons were identified by morphology and the presence of a hyperpolarized resting membrane potential (Ϫ75 to Ϫ85 mV). In a small number of cases (15 of 477 cells), these identification characteristics yielded cells that showed the clear electrophysiological signature of fast-spiking interneurons (no inward rectification, short duration spikes and a fast, irregular firing pattern (Belleau and Warren, 2000) ). These cells were excluded from further investigation in this study.
To quantify firing properties, whole-cell current-clamp recordings were performed with electrodes (3-5 M⍀) containing 120 K-gluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl 2 , 4 Na 2 ATP, and 0.3 Tris-GTP. Data were filtered at 5 kHz, digitized at 10 kHz, and collected and analyzed using custom software (Igor Pro; Wavemetrics). Membrane potentials were held at approximately Ϫ80 mV. Series resistances ranged from 10 to 18 M⍀ and input resistances (R i ) were monitored on-line with a 40 pA, 150 ms current injection given before every 800 ms current injection stimulus. Only cells with a stable R i (⌬ Ͻ 10%) for the duration of the recording were kept for analysis. To measure "steady-state" voltage responses for each subthreshold pulse in a series of current injections, the voltage values were taken 780 ms following the onset of each current injection. Spike measurements for a given cell are the mean values measured from 1 to 3 cycles of current steps (800 ms duration at 0.1 Hz, Ϫ160 to ϩ260 pA range with a 20 pA step increment). To quantify firing patterns, we measured the first action potential latency, the train duration, and the mean interspike interval at three representative current injection values (160, 200, and 240 pA) , except as noted in the text.
Statistics. Data acquisition and analysis were performed blind to experimental condition. On Ͼ90% of recording days, data were collected from both saline and cocaine groups. Results are presented as mean Ϯ SEM with n representing the number of cells in each group. Statistical significance was assessed using either two-tailed Student's t tests or twoway repeated-measures ANOVAs. In Figure 2 , two-way ANOVAs were used for comparison between saline-and psychostimulant-treated mice.
Results

Cocaine treatment induces opposite firing adaptations in accumbens core versus shell MSNs
The cocaine treatment (five once-daily injections of 15 mg/kg, i.p.) was identical to that used in our previous studies examining Paxinos and Franklin, 2001) . Middle, Sample traces from shell (left, at 100, 140, and 180 pA; SAL, n ϭ 10, 4 mice; COC, n ϭ 31, 6 mice) and core (right, at 120, 160, and 200 pA; SAL, n ϭ 16, 5 mice; COC, n ϭ 14, 6 mice) for SAL-and COC-treated animals. Calibration: 500 ms, 50 mV. Bottom, Mean spike number decreased in shell (left) and increased in core (right) in cocaine-compared with salinetreated animals. C, No cocaine-induced differences in steady-state voltage responses to a series of current pulses in either shell (left) or core (right). Insets, Sample traces (stimulation ϭ Ϫ140 pA to 60 pA) from neurons in SAL groups. Calibration: 500 ms, 20 mV. Error bars represent SEM. In some cases, data symbols obscure small error bars. synaptic parameters (Kourrich et al., 2007) . This regimen induced robust psychomotor sensitization (Fig. 1 A) (two-way ANOVA, treatment, F (1,21) ϭ 206.6, p Ͻ 0.0001; interaction treatment ϫ day, F (4,84) ϭ 11.98, p Ͻ 0.0001). To examine early effects of cocaine exposure on intrinsic excitability of NAc MSNs, we prepared acute NAc brain slices for whole-cell recording from cocaine-and saline-treated mice 1-3 d after the last injection (Fig.  1 A) . One straightforward means of assessing intrinsic excitability is to measure the pattern of spikes elicited by each pulse in a series of depolarizing current injections. By measuring neuronal output, this approach reveals the overall functional effect of any significant changes in passive and active membrane properties. First, we measured the number of depolarization-evoked spikes in whole-cell recordings from MSNs in the NAc shell. Notably, there were no significant changes in basic membrane properties such as the input resistance, resting membrane potential, single action potential characteristics (Table 1 ) and the current/ voltage relationship (Fig. 1C) . However, the total number of spikes elicited (sum of spikes at all current injection values) in cocaine-treated animals was reduced by 35% compared with saline-treated animals ( Fig. 1 B) (two-way ANOVA, treatment, F (1,39) ϭ 5.07, p ϭ 0.030; treatment ϫ input interaction, F (9,351) ϭ 7.41, p Ͻ 0.0001).
Unexpectedly, and in sharp contrast to the shell, the firing capacity in core MSNs 1-3 d following repeated cocaine treatment was increased by 33% (Fig. 1 B) (two-way ANOVA, treatment, F (1,28) ϭ 8.34, p ϭ 0.0074; interaction treatment ϫ input, F (9,252) ϭ 5.26, p Ͻ 0.0001). This firing increase occurs in the absence of changes in the input resistance (Table 1 ) and the current/voltage relationship (Fig. 1C) , but in the presence of changes in several single-spike characteristics such as threshold, amplitude, and rise time in the direction of increased excitability (Table  1) . We also noticed in drug-naive mice that core MSNs were significantly less excitable than shell MSNs. One likely contributor to this difference is the lower input resistances (R i ) in core compared with shell MSNs (Table 1 ; core 141.6 Ϯ 6.8 M⍀, shell 180.2 Ϯ 10.1 M⍀; t (24) ϭ 3.153, p ϭ 0.0043). This difference in R i has been described previously (Pennartz et al., 1992) and may be due, in part, to the increased surface area of core MSNs (up to 50% greater than shell) (Meredith et al., 1992) .
Repeated drug exposure is likely to be necessary to induce intrinsic plasticity in either shell or core MSNs, as neither a single injection of cocaine (15 mg/kg) nor saline induced any change in firing properties compared with a naive group (supplemental To quantify the observed differences in spiking patterns, we analyzed fundamental characteristics of spike trains elicited at three representative current injection values (Fig. 2) . The decrease in the shell MSN firing is characterized by an increase in first-spike latency ( Fig. 2 B) (two-way ANOVA, treatment, F (1,117) ϭ 6.214, p ϭ 0.014), a decreased spike train duration ( Fig.  2C ) (two-way ANOVA, treatment, F (1,104) ϭ 11.79, p ϭ 0.0009), and an increase in the interspike interval (Fig. 2 D) (two-way ANOVA, treatment, F (1,102) ϭ 8.173, p ϭ 0.005). In contrast, in core MSNs, we observed the opposite adaptations: a decrease in the first spike latency (Fig. 2 B) (two-way ANOVA, treatment, F (1,75) ϭ 16.41, p ϭ 0.0001), an increased spike train duration ( Fig. 2C ) (two-way ANOVA, treatment, F (1,75) ϭ 21.78, p Ͻ 0.0001), and a decrease in the interspike interval (Fig. 2 D) (twoway ANOVA, treatment, F (1,75) ϭ 20.04, p Ͻ 0.0001). One caveat to this analysis pertains to the absolute magnitude of the train duration. The duration of our current injection step (800 ms) puts a theoretical limit on this parameter. Of course, significant increases in the first spike latency could result in apparent decreases in the spike train duration between groups. This is not the case here. In both the core and shell, the groups with the shorter trains (cocaine in shell, saline in core) exhibit an abrupt truncation of firing, on average, before the end of the current pulse whereas the groups with longer trains do not (time between last spike and end of current pulse (240 pA)-shell: SAL, 34.1 Ϯ 3.6 ms, COC, 179.6 Ϯ 39.4 ms, p ϭ 0.04; core: SAL, 221.7 Ϯ 51.8, COC, 63.2 Ϯ 18.6, p ϭ 0.02). Thus, if anything, the absolute magnitude of the train duration effect presented here may be an underestimate of the true effect. In total, these results demon- strate that repeated cocaine exposure induces opposite adaptations in shell versus core MSNs not only in firing capacity, but also in firing pattern.
Cocaine-induced decreases in shell MSN firing are long lasting
One hallmark of drug addiction is its persistence despite long periods of drug abstinence. To assess the persistence of excitability changes, we measured MSN firing properties following a prolonged drug-free period (10 -14 d after the last injection) (Fig.  3A) . As above, we measured the number of spikes elicited by pulses of depolarizing current. While firing in core neurons returned to control levels ( Fig. 3B ) (two-way ANOVA, treatment, F (1,21) ϭ 0.00003, p ϭ 0.9957; interaction treatment ϫ input F (9,189) ϭ 0.315, p ϭ 0.969), the decreased firing capacity in shell MSNs was maintained (Fig. 3B ) (44% decrease; two-way ANOVA, treatment, F (1,39) ϭ 9.662, p ϭ 0.0035; interaction treatment ϫ input F (9,351) ϭ 8.24, p Ͻ 0.0001). This decrease is accompanied by several changes in single-spike parameters, including threshold, amplitude, duration, and rise timeeach of which is altered in manner consistent with decreased excitability (Table 1 ). In addition, shell spike train parameters are altered identically to those during early withdrawal (Fig.  3C ) (first spike latency: t (33) ϭ 2.40, p ϭ 0.022; train duration: t (37) ϭ 3.44, p ϭ 0.0014; interspike interval: t (37) ϭ 2.38, p ϭ 0.023). Thus, core and shell neurons show opposite regulation not only in firing capacity and pattern, but also in the persistence of these adaptations.
Amphetamine exposure induces similar intrinsic plasticity as cocaine One approach to establishing the cellular substrates for addictionrelated behavior is to look for shared adaptations between different drug treatments that produce a common behavioral output. For example, although cocaine and amphetamine exposure both can induce psychomotor sensitization, the neuroadaptations induced by these closely related psychostimulants are only partially overlapping (Vanderschuren and Kalivas, 2000) . Here, we also evaluated the effect of amphetamine exposure on intrinsic plasticity in NAc shell and core using a treatment (five once-daily injections of 5 mg/kg, i.p.) (Fig. 4A, left) that triggers an indistinguishable degree of behavioral sensitization (Fig. 4 A, right) (two-way ANOVA, treatment, F (2,30) ϭ 136.9, p Ͻ 0.0001; interaction treatment ϫ day, F (8,120) ϭ 8.43, p Ͻ 0.0001). No interaction was found between COC and AMPH groups (F (4,72) ϭ 0.564, p ϭ 0.689).
As with cocaine exposure, in early (1-3 d) abstinence, we observed an amphetamine-induced decrease in shell and an increase in the core firing capacity (Fig. 4 B) (shell: two-way ANOVA, treatment, F (1,37) ϭ 5.58, p ϭ 0.024; interaction treatment ϫ input, F (9,333) ϭ 3.14, p ϭ 0.0012; core: two-way ANOVA, treatment, F (1,28) ϭ 9.73, p ϭ 0.0042; interaction treatment ϫ input, F (9,252) ϭ 2.88, p ϭ 0.0029). The characteristics of MSN firing patterns are also altered in an similar way as with cocaine exposure (Fig. 4C) (shell: first spike latency: t (35) ϭ 2.46, p ϭ 0.019; train duration: t (37) ϭ 2.82, p ϭ 0.0077; interspike interval: t (35) ϭ 2.16, p ϭ 0.0375; core: first spike latency: t (27) ϭ 2.24, p ϭ 0.034; train duration: t (27) ϭ 2.13, p ϭ 0.042; interspike interval: t (27) ϭ 2.523, p ϭ 0.0178). The data during late abstinence (10 -14 d) for amphetamine also duplicate those seen with cocaine (Fig. 4 D) (shell: two-way ANOVA, treatment, F (1,33) ϭ 9.06, p ϭ 0.0050; interaction treatment ϫ input, F (9,297) ϭ 5.63, p Ͻ 0.0001; core: two-way ANOVA, treatment, F (1,21) ϭ 0.0492, p ϭ 0.827; interaction treatment ϫ input F (9,189) ϭ 0.149, p ϭ 0.998) (Fig. 4 E) (shell: first spike latency: t (29) ϭ 3.19, p ϭ 0.003; train duration: t (29) ϭ 4.17, p ϭ 0.0003; interspike interval: t (29) ϭ 2.66, p ϭ 0.0125). We also observed the spike train truncation effect, as mentioned above for cocaine (Time between last spike and end of current pulse (240 pA)-shell: SAL, 48.4 Ϯ 8.8 ms, AMPH, 168.6 Ϯ 52.9 ms, p ϭ 0.04; core: SAL, 162.7 Ϯ 51.4, AMPH, 24.6 Ϯ 4.2, p ϭ 0.02). Thus, although cocaine and amphetamine have been reported to show many differences in biochemical and physiological adaptations, here we demonstrate that their effect on intrinsic plasticity, like their ability to induce psychomotor sensitization, is shared.
Differential sensitivity to A-type potassium current (I A ) blockade
To begin to investigate the mechanisms for the opposite changes in intrinsic excitability in shell and core MSNs, we used a pharmacological strategy. Previous studies identified several cocainemodulated sodium, calcium, and potassium currents in a mixture of shell and core NAc MSNs (Zhang et al., 1998 (Zhang et al., , 2002 Hu et al., 2004) . These adaptations are potential "building blocks" for changes in firing properties. However, extrapolation from changes in individual (or even several) currents to changes in Values represent the meanϮ SEM (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; with two-tailed Student's t test used to compare with their respective saline control group). The RMP and the spike threshold were not adjusted for the liquid junction potential (ϳ8 mV). Spike characteristics were obtained from the first spike evoked by the minimal depolarizing current pulse in every NAc neuron recorded; the spike threshold was obtained by using the maximum of the third differential during the rising phase. The other characteristics were measured as follows: spike amplitude, difference between spike threshold and peak; spike duration, measured at 20 pA above threshold; AHP amplitude, difference between spike threshold and maximum hyperpolarization after the spike; spike rise, time difference between 10 and 90% of the spike peak.
firing pattern is problematic (Marder and Prinz, 2002; Marder and Goaillard, 2006) , and thus, direct measurement of firing properties is necessary to determine experience-dependent changes in neuronal output. Previous studies suggest that the fast activating transient potassium current, I A , might be enhanced by repeated cocaine (Hu et al., 2004) and is acutely modulated by dopamine receptor activation (Hopf et al., 2003; Perez et al., 2006) -an indirect effect of psychostimulant exposure. We also observed two changes in intrinsic excitability that suggest a potential contribution of I A to the opposite firing changes we observed in NAc shell versus core: (1) a first spike latency shift (Figs. 2 B, 4C) and (2) alterations in repetitive firing (Figs. 2C, 4C ). I A is an important contributor to these properties of cellular excitability in MSNs Nisenbaum et al., 1994) . We investigated a potential role for I A in psychostimulant-induced adaptations by using a dose of 4-aminopyridine (4-AP; 100 M) that selectively blocks this current (e.g., Bargas et al., 1989; Nisenbaum et al., 1994) . The relatively long spike latency in MSNs is controlled by a competition between depolarizing ionic currents (Na ϩ , Ca 2ϩ ) and a hyperpolarizing current, I A , that is activated at subthreshold voltages (Kita et al., 1985; Calabresi et al., 1987; Bargas et al., 1989; Galarraga et al., 1989; Nisenbaum et al., 1994) . In principal, then, a change in any one (or a combination) of these conductances could produce a change in the spike latency. To test whether I A is a contributor to the differential latency effects we observed, we applied 4-AP and found that, as expected, it produced a modest reduction in first spike latency in the shell saline group in early abstinence (Fig. 5B, left) . In psychostimulant groups, however, the magnitude of the reduction was significantly larger (Fig. 5B, left) (two-way ANOVA, interaction treatment ϫ 4-AP, F (2,25) ϭ 4.01, p ϭ 0.031). Interestingly, in 4-AP, the difference in latency between saline and psychostimulant groups was abolished (Fig. 5B, left) (treatment effect p Ͼ 0.05). In the core, during early abstinence, we observed the opposite pattern of 4-AP modulation of first spike latency. Here, it was the saline group that showed a larger latency reduction in 4-AP than the psychostimulant groups (Fig. 5C , left) (two-way ANOVA, interaction treatment ϫ 4-AP, F (2,29) ϭ 3.81, p ϭ 0.034). Again, 4-AP abolished any latency difference between the groups (Fig.  5C , left) (treatment effect p Ͼ 0.05).
We considered the possibility that 4-AP may simply increase the overall excitability and readjust the spike latency to a minimal value even if I A is not a key contributor to effects observed here. However, 4-AP did not increase the input resistance (supplemental table, available at www.jneurosci.org as supplemental material) as an agent that simply increases overall excitability would be expected to do, and the latency is not at a minimal value in 4-AP, as even strong depolarizing current pulses that elicit nearmaximal spiking (240 pA) show a remaining latency of 35-60 ms (Fig. 5 B, C) . Moreover, studies of the mechanism for delayed spiking in MSNs indicate that the broad-spectrum potassium channel blocker, TEA, does not affect the first spike latency . This demonstrates that simple increases in overall excitability do not necessarily reduce the latency, while I A blockade does. Thus, the normalization of spike latency differences by 4-AP provides evidence that the differential engagement of I A in psychostimulant versus control cells plays a key role in spike latency changes.
Given that I A blockade abolished the drug-induced difference in first spike latency, we also tested for a differential effect of 4-AP between psychostimulant and saline groups on firing capacityanother factor that is modulated by I A . Consistent with our latency observations, I A blockade in psychostimulant groups enhanced the number of spikes per input in shell MSNs to the level seen in the saline group (Fig. 5D, left) (two-way ANOVA, interaction treatment ϫ 4-AP, F (2,24) ϭ 5.386, p ϭ 0.012; treatment effect during 4-AP, p Ͼ 0.05). Also consistent with the Figure 3 . During prolonged abstinence, the shell firing depression is maintained while the core firing potentiation is lost. A, Experimental timeline. B, Top, Sample of traces obtained in shell (left, at 80, 120, and 160 pA; SAL, n ϭ 20, 7 mice; COC, n ϭ 22, 4 mice) and core (right, at 140, 180, and 220 pA; SAL, n ϭ 11, 4 mice; COC, n ϭ 12, 4 mice). Responses from neurons in saline-treated and injection-naivemiceweresimilar.Thus,SALgroupiscomposedofanequalnumberofneurons(10/10 forshell,6/5forcore)fromsaline-pretreatedandinjection-naivemice.Bottom,Themeanspikenumber for a given magnitude of current injection was still decreased in shell (left) and returned to basal levels in core (right) in cocaine-compared with saline-treated animals. Inset, no cocaine-induced differences in steady-state voltage responses to a series of current pulses in either shell (left) or core (right).C,Top,Samplesoftracesfromshell(left)andcore(right)at240pA.Bottom,Latencytothefirst action potential, train duration and interspike interval at 240 pA for the shell (left) and core (right). In shell, while train duration is shorter, latency for the first spike and the interspike interval are longer in the cocaine group. In contrast, cocaine induced no significant changes the core. *p Ͻ 0.05. Error bars represent SEM. latency effects, in core MSNs, I A blockade in the saline group enhanced firing capacity while in the psychostimulant groups it did not (Fig. 5E , left) (two-way ANOVA, interaction treatment ϫ 4-AP, F (2,29) ϭ 3.969, p ϭ 0.030; treatment effect during 4-AP, p Ͼ 0.05). In each case in shell and core, the abolishment of firing level differences was present across the range of depolarizing current values tested (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Again, these effects occur in the absence of any 4-AP-induced changes in input resistance in any group (see supplemental table, available at www. jneurosci.org as supplemental material).
In each case where there is a greater reduction in spike latency with I A blockade, we also see a larger increase in the number of spikes per current value. What is the relationship between these effects? One trivial possibility is that the reduced latency provides more time for spiking during the current pulse. While, of course, it does provide more time for spiking, this does not fully explain the readjustment in spike number. First, the changes in spike number are too great to be explained by the latency shift. Second, on average, in cases where fewer spikes are generated (i.e., core saline and shell COC/AMPH), the train is truncated before the end of the current step (see Figs. 1-3, 5 for examples). We find that 4-AP reduces or completely eliminates this truncation, and thus permits the neuron to fire to the end of the current step. In summary, 4-AP does not simply decrease the latency for the first spike, but also eliminates the cocaine-induced truncation in shell, enabling more spikes to occur. Thus, our data support the idea that I A is a key contributor to the opposite changes in psychostimulant-induced firing properties observed in shell versus core MSNs.
To test whether the differential sensitivity to I A blockade between shell and core in psychostimulant groups persists, we tested the modulation of firing properties with 4-AP during late abstinence (10 -14 d). As in early abstinence, in shell MSNs, 4-AP induces significantly greater modulation of latency and number of spikes in psychostimulant groups compared with saline (Fig. 5B , right, two-way ANOVA, interaction treatment ϫ 4-AP, F (2,28) ϭ 3.52, p ϭ 0.043; Fig. 5D , right, two-way ANOVA, interaction treatment ϫ 4-AP, F (2,35) ϭ 10.63, p ϭ 0.0002). In core MSNs, however, the differential effect of I A blockade between psychostimulant groups and saline on latency and number of spikes is absent ( Fig.  5C, right; two-way ANOVA, interaction treatment ϫ 4-AP, F (2,32) ϭ 0.164, p ϭ 0.849; Fig. 5E , right; two-way ANOVA, interaction treatment ϫ 4-AP, F (2,31) ϭ 0.111, p ϭ 0.895). Thus, in each case where psychostimulants induced a change in MSN firing properties, we also observed a concurrent change in the ability of I A blockade to modulate firing. When I A modulation returned to normal (i.e., late abstinence core), the firing properties were also readjusted to drug-naive levels. A, Cocaine-and amphetamine-induced behavioral sensitization (SAL, n ϭ 13 mice; COC, n ϭ 10; AMPH, n ϭ 10). The first 15 min of postinjection locomotor activity from day 1 to day 5 are represented here. No interaction between COC and AMPH groups. The cocaine-and salinetreated groups are the same as the ones used in Figure 1 . The x-axis also represents the experimental timeline. B, Early abstinence (1-3 d), mean spike number decreased in shell (left) (SAL, n ϭ 19, 9 mice; AMPH, n ϭ 20, 7 mice) and increased in core (right) (SAL, n ϭ 16, 9 mice; AMPH, n ϭ 14, 6 mice) in amphetamine-compared with saline-treated animals. Insets, No amphetamine-induced differences in steady-state voltage responses to a series of current pulses in either shell (left) or core (right). C, Latency to the first spike, train duration, and interspike interval at 240 pA for the shell (left) and core (right). In shell, while train duration is shorter, latency for the first spike and the interspike interval are longer in the amphetamine 4 group. In contrast, amphetamine induces opposite changes in the core. D, The mean spike number for a given magnitude of current injection was still decreased in shell (left, SAL, n ϭ 21, 9 mice; AMPH, n ϭ 14, 4 mice) and returned to basal levels in core (right, SAL, n ϭ 11, 9 mice; AMPH, n ϭ 12, 4 mice) in amphetamine-compared with saline-treated animals. Inset, no cocaine-induced differences in steady-state voltage responses to a series of current pulses in either shell (left) or core (right). E, Latency to the first spike, train duration, and interspike interval at 240 pA for the shell (left) and core (right). In shell, while train duration is shorter, latency for the first spike and the interspike interval are longer in the amphetamine group. In contrast, amphetamine induced no significant changes in the core. *p Ͻ 0.05. Error bars represent SEM.
Discussion
Repeated in vivo psychostimulants induce opposite changes in intrinsic excitability in two closely related populations of neuronsthe principal neurons of the accumbens core and shell. In shell, we observed an immediate and persistent decrease in intrinsic excitability manifested by a reduction in depolarization-induced firing. In contrast, the same psychostimulant regimen produced an opposite effect in MSNs of the core. During early abstinence (1-3 d), core neurons exhibited an increase in firing properties. Unlike the shell, core adaptations were transient. By 10 -14 d following the last psychostimulant injection, firing in core MSNs had returned to control levels whereas decreases in shell firing were maintained. These changes are opposite not only in terms of firing capacity, but also in firing patterns. Finally, our data suggest that opposite regulation of I A is an important factor in the bidirectional intrinsic plasticity induced by psychostimulants in shell versus core.
Parallel regulation of NAc intrinsic plasticity by cocaine and amphetamine
Although cocaine and amphetamine have similar pharmacological and behavioral effects and produce many neuroadaptations in common, other effects are distinct (Vanderschuren and Kalivas, 2000) . For example, repeated cocaine increases the overall surface levels of AMPA-type glutamate receptors (AMPARs) in NAc, whereas amphetamine does not (Boudreau and Wolf, 2005; Nelson et al., 2009) . Here, in the first report of amphetamine's effects on NAc intrinsic excitability, we show that these effects appear not distinct, but similar to those of cocaine. The cocaine and amphetamine regimens we used also produced an indistinguishable degree of behavioral sensitization. Thus, it is possible that these shared excitability changes play a functional role in this model of addictionrelated change in behavior.
A-type potassium current (I A ) contributes to NAc intrinsic plasticity
We observed specific psychostimulantinduced changes in shell and core firing that suggested I A as a potential mediator. I A in MSNs is a known regulator of both the first spike latency and repetitive firing Nisenbaum et al., 1994) , two parameters that are clearly modified by repeated psychostimulants. The effects of I A blockade in shell and core were opposite. In the shell, I A blockade produced robust decreases in first spike latency and increases in repetitive spiking in psychostimulant groups with only modest effects in controls. In contrast, in the core, I A blockade produced robust effects in the control group. Psychostimulant groups in the core were resistant to I A blockade during early abstinence-the time point when intrinsic excitability was enhanced. By late abstinence in the core, both the diminished effects of I A blockade and the increase in excitability were gone. In total, our data indicating that the effects of I A blockade correlate with changes in intrinsic excitability in both presence and direction supports the idea that I A is a key contributor to the bidirectional psychostimulant-induced intrinsic plasticity in NAc MSNs.
The origin of these differential effects of I A blockade is unknown. Differences in activation or inactivation parameters such as kinetics or voltage or in the relative abundance of the channels that mediate I A are among the possible contributors. Interestingly, dopamine receptor activation transiently modulates I A in NAc slices (Hopf et al., 2003; Perez et al., 2006) , although the precise origin of this modulation is not understood either. Whether multiple bouts of intense dopamine receptor activation, 200 ms, 50 mV. B, Latency to the first spike during early (left) and prolonged (right) abstinence before and during 4-AP application at 240 pA in shell (early abstinence: SAL, n ϭ 9, 5 mice; COC, n ϭ 11, 6 mice; AMPH, n ϭ 8, 4 mice; prolonged abstinence: SAL, n ϭ 10, 8 mice; COC, n ϭ 10, 6 mice; AMPH, n ϭ 11, 4 mice). C, Latency to the first spike during early (left) and prolonged (right) abstinence before and during 4-AP application at 240 pA in core (early abstinence: SAL, n ϭ 8, 5 mice; COC, n ϭ 14, 6 mice; AMPH, n ϭ 10, 5 mice; prolonged abstinence:SAL,nϭ10,6mice;COC,nϭ15,6mice;AMPH,nϭ10,4mice).D,Themeanspikenumberduringearly(left)andprolonged (right)abstinencebeforeandduring4-APapplicationat240pAinshell(earlyabstinence:SAL,nϭ31,11mice;COC,nϭ31,6mice; AMPH, nϭ8, 4mice; prolongedabstinence:SAL, nϭ13, 9mice; COC, nϭ13, 7mice; AMPH, nϭ12, 4mice) .E,Themeanspikenumberduring early(left)andprolonged(right)abstinencebeforeandduring4-APapplicationat240pAincore(earlyabstinence:SAL,nϭ16,5mice;COC,nϭ 14, 6 mice; AMPH, n ϭ 14, 6 mice; prolonged abstinence: SAL, n ϭ 10, 6 mice; COC, n ϭ 15, 6 mice; AMPH, n ϭ 9, 4 mice). Error bars represent SEM.
such as would occur with repeated psychostimulants, would produce persistent effects on I A and whether these effects might differ between shell and core are intriguing unanswered questions.
While I A appears to be important, our data do not exclude the involvement of other cocaine-associated firing modulators such as the Ca 2ϩ -activated (K Ca ) or inward rectifier (K ir ) potassium currents (Hu et al., 2004; Ishikawa et al., 2009 ). Although our data do not provide strong indications of K Ca or K ir involvement [see Table 1 for lack of changes in resting membrane potential (RMP), input resistance, and afterhyperpolarization (AHP) peak], an interesting recent study found an increase in an AHP component in shell MSNs following repeated cocaine (Ishikawa et al., 2009) . Blocking this component with apamin partially restored firing capacity, suggesting that a small-conductance K Ca channel is also involved in the cocaine-induced decrease in firing in the shell.
A "disparity" hypothesis: possible functional consequences of greater excitability in core versus shell MSNs? Previous data have suggested that unidirectional changes in NAc neuronal excitability may drive addiction-related behavior (Kalivas and Hu, 2006; Conrad et al., 2008; Thomas et al., 2008) . Combined with data from other studies, however, our excitability findings suggest a revised hypothesis. Rather than a unidirectional change in MSN activity, perhaps a psychostimulantinduced disparity between core and shell activity precipitates addiction-related behavior. Data from two recent studies-studies that had appeared to contradict one another-support this hypothesis. First, Dong et al. (2006) produced a NAc shellspecific decrease in intrinsic excitability via viral-mediated overexpression of potassium channel subunits, which resulted in amplified psychomotor responses to cocaine. Second, while investigating a forebrain-specific knock-out of the enzyme Cdk5, Benavides et al. (2007) measured enhanced intrinsic excitability in core MSNs. Surprisingly, a NAc core-specific Cdk5 knockout-a mouse that in all likelihood has a selective increase in core excitability-exhibited a cocaine-related behavioral profile (e.g., enhanced cocaine conditioned place preference) that was consistent with the profile seen in Dong et al. (2006) . Thus, opposite exogenous manipulations of excitability-a selective decrease in shell (Dong et al., 2006 ) and a (presumed) selective increase in core (Benavides et al., 2007) -appear to produce a common, cocaine-related behavioral phenotype. Our data demonstrate that each of these excitability effects is induced by psychostimulant experience itself. Thus, we hypothesize that the endogenous pattern of opposite core and shell intrinsic plasticity may be a mediator for psychostimulant-induced behavioral plasticity.
Integrating drug-induced intrinsic and synaptic plasticity in NAc
Two fundamental factors, intrinsic membrane and synaptic properties, determine a neuron's overall state of excitability. Although little is yet known about amphetamine-induced changes in glutamatergic transmission in NAc MSNs, recent studies have described the time course of cocaine-induced changes in this parameter (Kourrich et al., 2007) . Combining our current data with these synaptic findings provides evidence for a persistent enhancement in core versus shell excitability. During early abstinence (24 h), AMPAR currents show little to no change in both core and shell MSNs (Kourrich et al., 2007; M. J. Thomas, unpublished data) and thus the state of overall excitability is determined by the intrinsic properties described here. During late abstinence (Ͼ10 d), AMPAR currents show a robust increase in both core and shell MSNs (Kourrich et al., 2007; Conrad et al., 2008; M. J. Thomas, unpublished data) , while core firing has returned to a basal level, and the decrease in shell firing is maintained. This pattern also yields a shift toward a relative increase in core excitability. In summary, by combining what we know of cocaine-induced synaptic and intrinsic plasticity, the current picture is one of a persistent disparity between core and shell MSN excitability that favors the core.
Potential for a core/shell excitability disparity to drive behavior Recent studies indicate that with repeated cocaine experience, phasic firing to a cocaine-paired cue is enhanced-an effect that is greater in core than in shell neurons (Ghitza et al., 2004; Hollander and Carelli, 2005; Ghitza et al., 2006; Hollander and Carelli, 2007) . On the other hand, widespread hypoactivity develops in tonicfiring NAc neurons with repeated cocaine experience (Peoples et al., 1998 (Peoples et al., , 1999 Peoples and Cavanaugh, 2003) . This generalized hypoactivity is more prominent in shell than in core neurons-an effect that appears to have implications for cocaine self-administration behavior (Peoples et al., 2007) . Thus, the pattern of excitability changes described here appears to map onto the pattern of drug experience-induced changes in single-unit activity in behaving animals.
How might these opposite changes combine to produce a potent behavioral effect? Activation of core MSNs appears to be important for driving motor programs needed to obtain rewards (Ghitza et al., 2004; Wood and Rebec, 2004; Ambroggi et al., 2008) . It is clear that core MSNs send projections to motorrelated circuits that can influence these behavioral patterns (Zahm and Brog, 1992) . At the same time, a decrease in shell MSN activity has been likened to releasing a "brake" on appetitive reward-seeking behaviors (Kelley, 2004; Taha and Fields, 2006) . This may be due to disinhibition of downstream reward-related structures such as the lateral hypothalamus (Harris et al., 2005) . Thus, the simultaneous augmentation of core activity and diminution of shell activity that develops with repeated psychostimulant experience might be a particularly potent combination that drives abnormally strong drug-seeking behavior.
Conclusions
This study demonstrates that repeated psychostimulant experience produces opposite changes in intrinsic excitability in two related populations of reward circuit neurons-NAc MSNs in shell and core. This stresses the importance of studying shell and core neurons in separate populations. When considered with other data from the literature, our data raise the possibility that increasing core compared with shell MSN activity may be a potent driver of addiction-related behavior. These results highlight the potential importance of intrinsic membrane plasticity in long-lasting functional changes in neural circuits for reward.
